All relevant data are within the paper and its Supporting Information files. Selected sequences are also available from GenBank (accession numbers KP877884, KP877885, KP877886 and KP877887).

Introduction {#sec001}
============

CD52 is a glycosylphosphatidylinositol (GPI) anchored low molecular weight glycoprotein \[[@pone.0138123.ref001]\] found in abundance on a variety of normal and malignant lymphoid cells, especially B and T cells, and is expressed at very high density \[[@pone.0138123.ref002]\]. CD52 is also produced by epithelial cells in the epididymis and duct deferens, and is acquired by sperm during passage through the genital tract \[[@pone.0138123.ref002]\]. Mature CD52 is a very small glycoprotein with a sequence of only 12 amino acids that is heavily glycosylated at Asn-3 and is linked at its C-terminus to a GPI membrane anchor \[[@pone.0138123.ref002]\]. The exact biological function of CD52 remains unclear but some evidence suggests that it may be involved in T cell migration and co-stimulation \[[@pone.0138123.ref003]\]\[[@pone.0138123.ref004]\]\[[@pone.0138123.ref005]\].

To date, the most effective CD52 targeted therapy has been alemtuzumab, a humanized monoclonal antibody genetically engineered by grafting rat complementarity determining regions (CDRs) onto human framework regions fused to human IgG1 \[[@pone.0138123.ref006]\] that binds to an epitope overlapping the C-terminal part of the CD52 peptide along with part of the GPI anchor \[[@pone.0138123.ref007]\]. Whilst the mechanism of *in vivo* cell killing is unclear, *in vitro* studies have revealed that upon binding to the cell surface CD52, alemtuzumab induces cell destruction via activation of complement dependent cytotoxicity (CDC) \[[@pone.0138123.ref008]\] and antibody-dependent cellular cytotoxicity (ADCC); however studies in human CD52 transgenic mice have confirmed the importance of ADCC *in vivo*, but suggest that CDC may not be involved \[[@pone.0138123.ref009]\]. In addition, intracellular signal transduction by ligation of CD52 leading to caspase-8 dependent and independent apoptosis has also been identified as a potential mechanism of cytolytic action by alemtuzumab \[[@pone.0138123.ref010]\]\[[@pone.0138123.ref011]\].

Due to its significant cytotoxic effects, alemtuzumab is capable of depleting CD52 positive cells *in vivo* and has demonstrated significant activity against a number of B cell malignancies, particularly in refractory and relapsed chronic lymphocytic leukemia (CLL) for which it was previously marketed under the trade name Campath^®^/Campath-1H, as well as other non-malignant hematopoietic disorders \[[@pone.0138123.ref012]\]\[[@pone.0138123.ref013]\]\[[@pone.0138123.ref014]\]. This antibody has also been utilized in the treatment of a wide range of other diseases including rheumatoid arthritis \[[@pone.0138123.ref015]\]\[[@pone.0138123.ref016]\]\[[@pone.0138123.ref017]\] non-Hodgkin's lymphoma \[[@pone.0138123.ref018]\]\[[@pone.0138123.ref019]\] and T cell lymphoma \[[@pone.0138123.ref020]\]\[[@pone.0138123.ref021]\]. Most recently, alemtuzumab has been found to be an effective treatment for relapsing-remitting multiple sclerosis, an indication for which it is now licensed under the trade name Lemtrada™ \[[@pone.0138123.ref022]\]\[[@pone.0138123.ref023]\].

However, despite its clear successes, alemtuzumab has also been shown to result in substantial toxicity due to attendant immunosuppression associated with its use, and in particular, increased risk of viral and other opportunistic infections \[[@pone.0138123.ref024]\]\[[@pone.0138123.ref025]\]\[[@pone.0138123.ref026]\]. Furthermore, despite being a humanized antibody, immunogenicity is a significant issue. For example, in a single-dose escalation study of alemtuzumab treatment of rheumatoid arthritis, 63% of patients developed anti-drug antibodies (ADA) with an observed reduction in efficacy \[[@pone.0138123.ref027]\] and in a study of patients with multiple sclerosis, up to 74% patients developed ADAs \[[@pone.0138123.ref028]\]. Consequently, in order to improve the clinical utility of anti-CD52 antibody therapy, there is a major need for improved anti-CD52 antibodies which are not associated with significant immunogenicity in patients.

One approach to generating non-immunogenic therapeutic antibodies is through rational design of variable region domains whereby the sequence similarity to human sequence is maximised and the incorporation of CD4+ T cell epitopes is avoided (to create so called 'Composite Human Antibodies'). The presence of CD4+ T cell epitopes has been shown to be a key intrinsic sequence-related factor that supports the development of anti-drug antibodies in patients \[[@pone.0138123.ref029]\]. The rational design method used creates a humanized sequence using multiple segments of human variable region sequence from databases of unrelated human antibodies. Variable regions of a reference non-human antibody are modelled to determine antigen binding regions. Sequence segments are then sourced from a database of unrelated human antibody variable regions and screened for the presence of potential CD4+ T cell epitopes using *in silico* MHC class II binding prediction tools and databases of CD4+ T cell epitopes \[[@pone.0138123.ref030]\], with sequence segments containing potential CD4+ T cell epitopes being discarded. Human variable regions comprising 'composites' of human sequence segments (minus CD4+ T cell epitopes) are then constructed and tested for similar binding properties to the reference antibody. This approach combines the advantages of both humanization (by making the V regions more human-like) \[[@pone.0138123.ref031]\] and deimmunization (by removing potential CD4+ T cell epitopes) \[[@pone.0138123.ref032]\] and aims to develop antibodies with low clinical immunogenicity.

In this paper, a novel murine anti-CD52 antibody is described which shows improved activity compared with alemtuzumab *in vitro* and in a mouse tumour model and, as a result of humanization using Composite Human Antibody technology, shows reduced immunogenicity compared to alemtuzumab in *ex vivo* CD4+ T cell assays \[[@pone.0138123.ref033]\].

Materials and Methods {#sec002}
=====================

All reagents were purchased from Sigma (Poole, UK) unless otherwise indicated.

Animal studies were carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. Immunizations were performed by QED Biosciences (San Diego, CA) in accordance with QED Bioscience's IACUC-approved protocols. Tumour animal model studies were performed by Charles River Discovery (Morrisville, NC) in accordance with Charles River's IACUC-approved protocols. Both studies were reviewed and approved by the appropriate IACUC prior to initiation. In both studies, where necessary, mice were sacrificed by cervical dislocation. CD4+ T cell response studies were performed under National Research Ethics Service Approval No. 07/H0304/114 (Cambridgeshire 1 Research Ethics Committee, Fulbourn, Cambridge), whereby buffy coats were obtained from healthy community donors under written consent.

Cell lines {#sec003}
----------

REH, Raji, HUT-78 and NS0 cell lines were obtained from ECACC (Salisbury, UK) and 293-c18 cells were obtained from LGC Standards (Teddington, UK). NS0 and 293-c18 cells were maintained in DMEM, high glucose without sodium pyruvate, supplemented with 5% ultra-low IgG FBS and antibiotics. REH and Raji cells were maintained in RPMI1640 supplemented with 10% FBS and antibiotics and HUT-78 cells were maintained in IMDM supplemented with 20% FBS and antibiotics. All growth media and supplements were obtained from Life Technologies (Paisley, UK). Alemtuzumab expressing stable NS0 cell lines were generated by electroporation of NS0 cells \[[@pone.0138123.ref034]\] with pANT antibody expression vectors containing alemtuzumab heavy and light chain V region sequences together with human IgG1 heavy and kappa light chain constant regions. Secreted antibody was purified from the cell culture supernatants by Protein A chromatography (MabSelect SuRe™, GE Healthcare, Little Chalfont, UK). Mouse IgG1 Fc-alemtuzumab chimeric antibody was made in a similar fashion using alemtuzumab heavy and light chain V region sequences together with murine IgG1 heavy and kappa light chain constant regions. Stable CD52 expressing NS0 cell lines (CD52-NS0) were obtained by electroporation of NS0 cells \[[@pone.0138123.ref034]\] with full length human CD52 cDNA (GenBank NM_001803.2) (synthesised by GeneArt AG, Regensburg, Germany) subcloned into a mammalian expression vector (downstream of a CMV IE promoter and upstream of a human IgG1 polyA).

REH, Raji and CD52-NS0 cells were dilution cloned, assessed by flow cytometry for CD52 expression and high (designated ^++^) CD52 expressing cell lines identified for all three cell types. HUT78 cells were assessed by flow cytometry for CD52 expression and used without dilution cloning. For flow cytometry analysis of dilution cloned cell lines, 3x10^5^ cells (Raji, REH and CD52-NS0) were incubated with alemtuzumab in flow cytometry (FC) buffer (PBS pH 7.4 containing 1% BSA and 0.05% sodium azide) buffer for 1 hour at 4°C following which, cells were washed 3x with FC buffer and stained with goat anti-human IgG (γ-chain specific), F(ab′)~2~ fragment-phycoerythrin antibody (cat. no. P8047) diluted 1 in 100 in FC buffer. Following incubation for 1 hour at 4°C, cells were washed 3x with FC buffer and finally resuspended in the same buffer. Flow cytometry was performed using a FACSCalibur (Becton Dickinson, Oxford, UK) with instrument settings determined by analysis of relevant isotype control antibodies.

Immunisations and hybridoma selection {#sec004}
-------------------------------------

CD52 peptide (GQNDTSQTSSPSC) was synthesised and conjugated via the peptide C-terminal cysteine to either KLH or BSA (Mimotopes, Melbourne, Australia). Immunisations were performed by QED Bioscience (San Diego, CA). Female Balb/c mice were primary immunised by intraperitoneal (i.p.) injection with CD52 peptide-KLH conjugate in Complete Freund's Adjuvant. Mice were subsequently boosted by i.p. injection of HUT-78 cells followed by a three further boosts with CD52-NS0^++^ cells. Mice showing the highest antibody titres were sacrificed by cervical dislocation, and the cells from each entire spleen were pooled and fused to F0 myeloma cells by PEG-mediated fusion. The resulting fusions were seeded into 96-well plates and cultured at 37°C in 5% CO~2~ for two weeks in the presence of hypoxanthine, aminopterin and thymidine. Hybridomas were tested for CD52-specific antibody by CD52 peptide ELISA, CD52-NS0 cell-based ELISA and by flow cytometry, and positive wells selected. Expanded hybridoma cell culture supernatants were harvested, adjusted to pH 7.4 using 10x PBS (Invitrogen, Paisley, UK) and purified using Protein A chromatography (MabSelect SuRe™, GE Healthcare, Little Chalfont, UK).

CD52 assays {#sec005}
-----------

For the CD52 peptide ELISA, 96-well Maxisorp plates (Nunc-Immuno™, Greiner Bio-one, Stonehouse, UK) were coated overnight at 4°C with either CD52 peptide-KLH, CD52 peptide-BSA, KLH only or BSA only in PBS pH 7.4. Plates were washed and blocked with PBS containing 2% BSA. Hybridoma supernatants or purified antibodies were diluted in PBS/2% BSA and added to each plate followed by incubation for 1 hour at room temperature. Plates were washed with PBS/Tween®20 (0.05% v/v) and incubated for 1 hour with goat anti-mouse IgG (Fab-specific)-HRP (cat. no. A9917) diluted 1 in 500 in PBS/2% BSA. Plates were washed with PBS/Tween^®^20 following which SigmaFast OPD substrate was added and incubated at room temperature in the dark to allow colour to develop. The reaction was stopped by adding 3M HCl and plates were read at 490 nm using a Dynex MRXII plate reader (Dynex Technologies, Worthing, UK). Peptide competition assays were similarly performed using a biotinylated (BiotinTag™ micro biotinylation kit) reference antibody that was mixed at a fixed concentration with titrations of test antibody samples and binding was detected with Streptavidin-HRP (cat. no. S5512) diluted 1 in 1000 in PBS/2% BSA and TMB substrate (Invitrogen, Paisley, UK). The reaction was stopped by adding 3M HCl and plates were read at 450 nm using a Dynex MRXII plate reader.

For the CD52 cell-based ELISA, CD52-NS0^++^ cells or untransfected NS0 cells were plated in a V-bottom 96 well plate (Cellstar®, Greiner Bio-one, Stonehouse, UK) and incubated with hybridoma samples diluted 1 in 2 in FC buffer. After incubation at room temperature for 1 hour, the cells were washed 3x by centrifuging the plates and resuspending the cells in FC buffer. After the final wash, cells were resuspended in FC buffer containing goat anti-mouse IgG (Fab specific)-HRP (cat. no. A9917) diluted 1 in 500. After incubation for 1 hour at room temperature, cells were washed by centrifugation, resuspended in PBS pH 7.4 and transferred to an ELISA plate. TMB substrate (Invitrogen, Paisley, UK) was added and incubated at room temperature in the dark to allow the colour to develop. The reaction was stopped by adding 3M HCl and plates were read at 450 nm using Dynex MRXII plate reader.

For flow cytometry binding analysis of antibodies, 3x10^5^ cells (untransfected NS0, HUT78, Raji^++^, REH^++^ or CD52-NS0^++^) were stained either using a 1 in 2 dilution of hybridoma supernatant in FC buffer together with sheep anti-mouse IgG (whole molecule) F(ab′)~2~ fragment-PE antibody (cat no. P8547) diluted 1 in 100 in FC buffer, or using varying concentrations of chimeric or humanized samples together with goat anti-human IgG (γ-chain specific) F(ab′)~2~ fragment-PE antibody (cat. no. P8047) diluted 1 in 100 in FC buffer. Following incubation for 1 hour at 4°C, cells were washed 3x with FC buffer and finally resuspended in the same buffer. Flow cytometry was performed using a FACSCalibur with instrument settings determined by analysis of relevant isotype control antibodies. Flow cytometry competition assays were similarly performed using a mouse IgG1 Fc-alemtuzumab chimeric antibody that was mixed at a fixed concentration with titrations of test antibody samples and binding was detected with sheep anti-mouse IgG (whole molecule) F(ab′)~2~ fragment-PE antibody as above. Flow cytometry was performed using a FACSCalibur with instrument settings determined by analysis of relevant isotype control antibodies.

Variable region gene sequencing and generation of chimeric antibody {#sec006}
-------------------------------------------------------------------

Total hybridoma RNA was extracted using an Ambion RNAqueous-4PCR Kit (Life Technologies, Paisley, UK) and cDNA synthesised using an ImProm-II™ Reverse Transcription System (Promega, Southampton, UK). Murine immunoglobulin heavy and kappa light chain variable (V) region fragments were amplified by RT-PCR using degenerate mouse leader sequence primers and unique constant domain primers \[[@pone.0138123.ref035]\]. Amplified fragments were cloned into pGEM^®^-T Easy (Promega, Southampton, UK) and sequenced (Source BioScience, Cambridge, UK). Selected heavy and light chain V region sequences were PCR amplified and subcloned into pANT antibody expression vectors containing human genomic IgG1 heavy and kappa light chain constant regions downstream of a CMV IE promoter (pANT17 and pANT13 respectively). The heavy and light chain expression constructs were either transiently co-transfected into 293-c18 cells using calcium phosphate precipitation \[[@pone.0138123.ref036]\] or electroporated into NS0 cells \[[@pone.0138123.ref034]\] to create stable cell lines. Secreted antibody was purified from the cell culture supernatants by Protein A chromatography (MabSelect SuRe™, GE Healthcare, Little Chalfont, UK).

Antibody humanization/deimmunisation {#sec007}
------------------------------------

To create humanized variants using Composite Human Antibody™ technology, structural models of the mouse V regions were produced using Swiss-PDB Viewer (<http://www.expasy.org/spdbv/>) \[[@pone.0138123.ref037]\] and analysed in order to identify amino acids that were likely to be important for the CD52 binding properties of the antibody ('constraining residues'). A database of human V region sequences was used to identify segments (typically 3--20 amino acids long) of human V region sequences containing each of the constraining residues. Typically two or more alternative V region sequence segments were used to provide each constraining residue resulting in a large range of possible sequences of humanized anti-CD52 V region sequences. Segments were then analysed for the prediction of non-germline MHC class II peptide binding by iTope *in silico* analysis \[[@pone.0138123.ref033]\] and also for known CD4+ T cell epitopes using databases including TCED™ \[[@pone.0138123.ref030]\]. V region sequences with predicted non-germline MHC class II binding peptides, or with significant hits against T cell epitope databases were discarded resulting in a reduced set of V region sequences, selected combinations of which were then combined to produce humanized/deimmunized (hereinafter termed 'humanized') heavy and light chain variable region amino acid sequences. Humanized variant V regions were synthesised and subcloned into the expression vectors pANT17 and pANT13 as described above. All combinations of humanized VH and Vκ chains were transiently transfected into 293-c18 cells \[[@pone.0138123.ref036]\] and also transfected into NS0 cells for stable cell lines \[[@pone.0138123.ref034]\]. Antibody was purified by protein A chromatography (MabSelect SuRe™, GE Healthcare, Little Chalfont, UK) from the culture supernatants.

Antibody-dependent cellular cytotoxicity (ADCC) {#sec008}
-----------------------------------------------

Assays were performed essentially as described previously \[[@pone.0138123.ref038]\], except that target cells were labelled with Calcein-AM (Sigma, Poole, UK). Briefly, the target cell line (either REH^++^ or Raji^++^ cells) were harvested and preloaded with 25 μM (final concentration) Calcein-AM. After incubation with Calcein-AM for 1 hour at 37°C, cells were washed in media to remove unincorporated dye and resuspended in growth medium in the presence or absence of test antibodies. Following incubation for 1 hour at room temperature, cells were washed again and plated at 1x10^4^ cells/well in the presence of 5x10^5^ freshly isolated peripheral blood mononuclear cells (PBMC) from normal blood donors (50:1 ratio of effector to target cells). After a 4 hour incubation at 37°C, Triton™ X-100 (Sigma, Poole, UK) was added to the control wells containing cells (effector and/or target cells) to establish the maximum lysis control. Supernatants were transferred into a flat-bottomed 96-well plate and the fluorescence was read at 520 nm in a Fluostar Optima fluorimeter (BMG Labtech, Aylesbury, UK).

Complement-dependent cytotoxicity (CDC) {#sec009}
---------------------------------------

Target cells (either REH^++^ or Raji^++^) were plated out at 5x10^4^ cells per well. Test antibodies were added at the indicated final concentrations together with either active or heat inactivated (60°C for 30 minutes) human serum **(**Pathway Diagnostics, Dorking, UK) (25% final serum concentration). Plates were incubated for 3 hours at 37°C, following which PrestoBlue® cell viability reagent (Invitrogen, Paisley, UK) was added. Triton® X-100 was added to the control cells-only wells to establish the maximum lysis control. After incubation for 1 hour at 37°C, fluorescence was measured at 590 nm in a Fluostar Optima fluorimeter (BMG Labtech, Aylesbury, UK).

Direct cell killing {#sec010}
-------------------

Direct cytotoxic effects of anti-human CD52 antibodies were assessed via flow cytometry using Annexin V and Propidium Iodide co-staining as markers of apoptosis and necrosis respectively. REH^++^ cells were plated in the presence of 100 μg/ml test antibodies either with or without 100 μg/ml goat anti-human IgG (γ-chain specific) F(ab')~2~ crosslinking antibody (Stratech Scientific, Newmarket, UK, cat. no. 109-006-008). Cells were incubated for 72 hours before washing in PBS/2%BSA followed by co-staining with Annexin V and Propidium Iodide according to the manufacturer's recommended protocol (Invitrogen, Paisley, UK). Scatterplots were generated using flow cytometric analysis and divided into three regions for quantitation of live cells (unstained), apoptotic cells (FL1, Annexin V positive) and necrotic cells (FL1, Annexin V positive and FL3, Propidium Iodide positive).

Tumour animal model {#sec011}
-------------------

Animal studies were performed by Charles River (Morrisville, NC) using a method described previously \[[@pone.0138123.ref039]\]. Female Fox Chase SCID mice (8 females per group) were injected with 1x10^6^ Raji^++^ cells via a bolus tail-vein injection. Anti-human CD52 antibodies or an isotype matched control antibody were administered intraperitoneally (i.p.) once daily on alternate days for seven doses, starting three days after tumour cell injection. Animals were monitored daily for signs of tumour progression. Animals showing advanced tumour progression, as manifested by hind limb paralysis, ocular proptosis or moribundity, were humanely euthanized by cervical dislocation. Efficacy was determined by comparing the median times to endpoint (either death, or euthanasia for advanced tumour progression). Over the duration of the study, 2 mice from the alemtuzumab (10 mg/Kg) group, 1 mouse from the ANT1034 (1 mg/Kg) group and 2 mice from the ANT1034 (10 mg/Kg) group died between monitoring checks and before euthanasia could be administered.

Analysis of CD4+ T cell responses {#sec012}
---------------------------------

PBMC from healthy community donor buffy coats were isolated from buffy coats by Lymphoprep (Axis-Shield, Dundee, UK) density centrifugation and CD8+ T cells were depleted using CD8+ RosetteSep™ (StemCell Technologies, Cambridge, UK). Donors were characterized by identifying HLA-DR haplotypes using an HLA SSP-PCR based tissue-typing kit (Biotest, Shirley, UK) and 50 different donor PBMCs were selected to provide a distribution with frequencies of HLA-DR and HLA-DQ allotypes similar to the overall world population.

To prepare monocyte derived dendritic cells (DC), CD14+ cells were isolated from PBMC using CD14 Microbeads and LS columns (Miltenyi Biotech, Bisley, UK). The monocytes were resuspended in DC culture medium (AIM-V^®^ medium; Life Technologies, Paisley, UK) supplemented with 1000 IU/ml IL-4 and GM-CSF (Peprotech, London, UK) and allowed to differentiate into semi-mature DC. Semi-mature DC were incubated with test samples for 24 hours after which excess sample was removed by washing, and the cells were resuspended in DC culture media supplemented with 50 ng/ml TNF-α (Peprotech, London, UK) and incubated for 8 days. DC were then γ-irradiated (4000 rads) and resuspended in AIM-V^®^ media. Additionally, on day 8, fresh CD4+ T cells were prepared: PBMC were revived in AIM-V^®^ culture medium and CD4+ cells isolated by negative selection using a CD4+ T cell isolation kit and LS columns (Miltenyi Biotech, Bisley, UK).

For T cell proliferation assays, 1x10^5^ autologous fresh CD4+ T cells were added to 1x10^4^ irradiated DC cells (pre-loaded with test sample) in 96 well U-bottomed plates in sextuplicate cultures. After an additional 7 days, assay plates were pulsed with 1 μCi \[3H\] (Perkin Elmer, Seer Green, UK) per well in AIM-V^®^ for 6 hours before harvesting onto filter mats (Perkin Elmer, Seer Green, UK)) using a TomTec Mach III cell harvester. Counts per minute (cpm) for each well were determined by Meltilex™ scintillation counting on a 1450 Microbeta Wallac Trilux Liquid Scintillation Counter (Perkin Elmer, Seer Green, UK) in paralux, low background counting. Counts per minute for each antibody sample were normalised to the media only control. Results were expressed as a Stimulation Index (SI) defined as the ratio of cpm for the test antibody against a medium-only control using an emperical threshold of SI equal to or greater than 1.9 (SI≥1.90) for positive T cell responses. The threshold of SI ≥ 1.9 has been previously established whereby test samples inducing responses above this threshold are deemed positive. Extensive assay development and previous studies have shown that this is the minimum signal-to-noise threshold allowing maximum sensitivity without detecting large numbers of false positive responses or omitting subtle immunogenic events. For proliferation (n = 6), positive responses were defined by statistical and empirical thresholds as follows:

1.  Significance (*p* \< 0.05) of the response by comparing cpm of test wells against medium control wells using unpaired two sample Student's t-test.

2.  Stimulation index greater than or equal to 1.9 (SI ≥ 1.90), where SI = mean of test wells (cpm) / baseline (cpm). Data presented in this way is indicated as SI ≥ 1.90, *p* \< 0.05.

Results {#sec013}
=======

Cell line analysis {#sec014}
------------------

Many *in vitro* maintained lymphoid-derived tumour cells have been shown to express CD52, however the level of expression can vary significantly and the stability of the expression is unpredictable. To overcome this heterogeneity, CD52 expressing cell lines were analysed for levels of CD52 expression and CD52 high expressing (designated ^++^) clones were identified for Raji, REH and CD52-NS0 cell lines ([Fig 1](#pone.0138123.g001){ref-type="fig"}).

![Selection of high CD52-expressing cell lines.\
Raji, REH and CD52-NS0 cells were assessed by flow cytometry for CD52 expression and high CD52 expressing (^++^) clones were identified for the three cell lines. Cells (either parent or ^++^ lines) were stained with irrelevant human IgG (a) or with alemtuzumab (b) and (c).](pone.0138123.g001){#pone.0138123.g001}

Hybridoma generation and selection {#sec015}
----------------------------------

Mice were immunised using a combination of CD52 peptide (conjugated to KLH), HUT-78 cells and murine NS0 cells expressing full length human CD52 (including the N-terminal signal peptide and the C-terminal displaced GPI-anchor signal peptide allowing for the production of mature GPI-anchored surface peptide). The mouse with the highest anti-peptide ELISA titres was sacrificed and derived spleen cells immortalised by fusion with myeloma cells. Hybridomas were selected for supernatant binding activity to CD52 using both a peptide ELISA (CD52-specific hybridomas were those that bound to CD52 peptide-KLH and CD52 peptide-BSA but not to either KLH or BSA alone) and a cell based ELISA (CD52-specific hybridomas were those that specifically bound to CD52-NS0 cells but not to untransfected NS0 cells). Several hybridomas were identified that bound CD52 either as peptide or on cells however, one hybridoma in particular, clone 2E8, was identified as secreting antibody that strongly bound CD52 in both assay formats. Selected assay positive hybridomas were analysed further by flow cytometry on CD52-NS0 and untransfected NS0 cells ([Fig 2](#pone.0138123.g002){ref-type="fig"}).

![Flow cytometry analysis of hybridomas or irrelevant mouse IgG.\
Selected hybridoma supernatants or media spiked with irrelevant mouse IgG were assessed for binding to either untransfected or NS0-CD52^++^ cells by flow cytometry to identify CD52 binding antibodies.](pone.0138123.g002){#pone.0138123.g002}

Generation and characterisation of chimeric 2E8 antibody {#sec016}
--------------------------------------------------------

2E8 antibody variable domain genes were amplified, cloned and sequenced ([Fig 3](#pone.0138123.g003){ref-type="fig"}) and analysis of the derived sequences showed that VH CDR3 was considerably shorter than the average mouse VH CDR3 (4 amino acids compared with an average of 11.5±1.9 amino acids \[[@pone.0138123.ref040]\]). Comparison with germline sequences revealed that the VH region had undergone significant somatic hypermutation particularly within VH CDR2, suggesting that this CDR may play a critical role in binding to the antigen.

![Amino acid sequence of murine anti-CD52 antibody 2E8 and lead humanized variant.\
Amino acid sequences of the murine antibody 2E8 and lead humanized variant (ANT1034 --composed of VH3 and VK4 variable domains). Sourced human sequence segments together with their GenBank accession numbers are indicated below the amino acid sequences. (a) Heavy chain variable domain; (b) Light chain variable domain. Differences between the murine and humanized sequence are shaded. CDRs (shown in orange text) and numbering are as described by Kabat \[[@pone.0138123.ref041]\]. Sequences are available from GenBank: 2E8_VH---KP877884; 2E8_VK---KP877885; ANT1034_VH---KP877886; ANT1034_VK---KP877887.](pone.0138123.g003){#pone.0138123.g003}

The heavy and light chain V region sequences of the 2E8 murine monoclonal antibody were subcloned into expression vectors containing human IgG1 heavy and kappa light chain constant regions. The resultant chimeric antibody was expressed in, and purified from 293-c18 cells. The binding of the chimeric antibody was compared to alemtuzumab (produced in the same way) in both a direct flow cytometry binding assay and competition assay ([Fig 4](#pone.0138123.g004){ref-type="fig"}). The chimeric 2E8 antibody exhibited greater direct binding to HUT78 cells ([Fig 4A](#pone.0138123.g004){ref-type="fig"}) and an improved ability to compete with alemtuzumab for binding to CD52 ([Fig 4B](#pone.0138123.g004){ref-type="fig"}).

![Characterisation of anti-CD52 antibodies alemtuzumab and chimeric 2E8 IgG.\
Antibodies were characterised by: (a) Direct binding of antibodies to HUT78 cells using flow cytometry; (b) Competition against alemtuzumab (with murine constant regions) for binding to CD52 on the surface of HUT78 cells using flow cytometry; (c) ADCC using REH^++^ target cells (average of 4 PBMC donors for effector cells).](pone.0138123.g004){#pone.0138123.g004}

In addition to being able to bind cell-surface CD52, an important mechanism of action for alemtuzumab is through its ability to mediate ADCC. Therefore, the chimeric 2E8 and alemtuzumab antibodies were compared for their ability to induce cytotoxicity using PBMC effector cells and REH^++^ target cells and it was found that chimeric 2E8 showed significantly enhanced ADCC compared to alemtuzumab ([Fig 4C](#pone.0138123.g004){ref-type="fig"}). Taken together, the improved ability to bind surface CD52 and functional data suggested that this clone showed significant potential as a candidate therapeutic antibody.

Humanization of 2E8 {#sec017}
-------------------

Humanized 2E8 antibody V region sequences were designed to be devoid of non-germline MHC class II peptide binding peptides and known T cell epitopes thereby reducing their potential for immunogenicity. Selected sequence segments were assembled into complete V region sequences resulting in a series of five humanized heavy chains and four humanized light chain sequences (VH1 to VH5 and Vκ1 to Vκ4 respectively) which were synthesised and cloned into human IgG1 / kappa expression vectors. The lead VH and Vκ variant amino acid sequences together with the human antibodies from which sequence segments were sourced are shown in [Fig 3](#pone.0138123.g003){ref-type="fig"}. All combinations of heavy and light chains were expressed transiently in 293-c18 cells and stable cell lines were prepared in NS0 cells. All antibodies were purified by Protein A affinity chromatography.

Characterisation of humanized antibodies {#sec018}
----------------------------------------

As the 2E8 hybridoma showed the distinctive feature of being able to bind to CD52 peptide (unlike alemtuzumab), the binding of all of the humanized variants to CD52 peptide was assessed in a competition ELISA against the parent 2E8 chimeric antibody. All lead humanized 2E8 variants displayed competitive binding profiles similar to the parent chimeric antibody ([Fig 5](#pone.0138123.g005){ref-type="fig"}); to discriminate further between the humanized variants and to compare directly with alemtuzumab, the antibodies were subsequently tested for binding to REH^++^ cells by flow cytometry (either direct binding or in competition with alemtuzumab) and for effector function in ADCC and CDC assays ([Fig 6](#pone.0138123.g006){ref-type="fig"}). The chimeric antibody and the majority of humanized variants exhibited an improved binding profile by flow cytometry compared to alemtuzumab ([Fig 6A](#pone.0138123.g006){ref-type="fig"}) and also competed effectively with alemtuzumab for binding to CD52 ([Fig 6B](#pone.0138123.g006){ref-type="fig"}). The humanized variants also exhibited improved ADCC (in excess of 100 fold) using REH^++^ target cells and PBMC effector cells at a target:effector cell ratio of 50:1 ([Fig 6C](#pone.0138123.g006){ref-type="fig"}). Similarly, when using the REH^++^ cell line for assessment of CDC, the humanized variants showed an approximate 10-fold increase in cytotoxicity when compared to alemtuzumab ([Fig 6D](#pone.0138123.g006){ref-type="fig"}). Heat inactivating the human serum prior to use in the CDC assay resulted in no significant lysis, thus indicating the requirement of active complement for cell killing.

![Peptide competition ELISA of selected humanized variants.\
Titrations of humanized variants were competed against a fixed concentration (35 ng/ml) of biotinylated murine 2E8 for binding to CD52 peptide that was coated directly on an ELISA plate. Binding was detected with streptavidin-HRP and TMB substrate. Antibodies are named in the format ANT10X~1~X~2~ where X~1~ refers to the VH variant (VH1 to VH5) and X~2~ refers to the Vκ variant (Vκ1 to Vκ4).](pone.0138123.g005){#pone.0138123.g005}

![Characterisation of anti-CD52 humanized antibodies, alemtuzumab and 2E8 chimeric IgG.\
Selected humanized antibodies were characterised by: (a) Direct binding of antibodies to REH^++^ cells using flow cytometry; (b) Competition binding against alemtuzumab (with murine constant regions) for binding to CD52 on the surface of REH^++^ cells using flow cytometry; (c) ADCC using REH^++^ target cells (average of 4 PBMC donors) with PBMC effector cells at a target:effector ratio of 50:1, and; (d) CDC using REH^++^ target cells and normal human serum as a source of complement. For clarity, error bars are included in (c) and (d) for alemtuzumab and the lead humanized antibody, ANT1034, only.](pone.0138123.g006){#pone.0138123.g006}

Interestingly, the cell-based assays were able to discriminate between variants where the peptide competition ELISA could not. In particular, it was observed that the humanized variants containing the VH5 heavy chain, which differs from all other variants by the presence of a tryptophan at position 47 (Kabat) in place of a leucine, showed reduced binding by flow cytometry ([Fig 6A](#pone.0138123.g006){ref-type="fig"}) and reduced activity in the ADCC assay ([Fig 6C](#pone.0138123.g006){ref-type="fig"}) compared to the other humanized variants and chimeric IgG; however the VH5 variants were still improved compared to alemtuzumab. Based on this reduction in activity, the VH5-containing variants were not selected as potential lead antibodies.

Direct killing using anti CD52 antibodies {#sec019}
-----------------------------------------

It has been reported previously \[[@pone.0138123.ref010]\]\[[@pone.0138123.ref011]\] that alemtuzumab significantly enhances apoptosis in chronic lymphocytic leukemia cells *in vitro*, especially in combination with a cross-linking anti-Fc-antibody, with this effect being mediated by a caspase-dependent pathway. In order to investigate whether the novel CD52 antibody could exert a similar property, the ability of selected humanized anti-human CD52 antibodies to mediate direct cytotoxic effects was assessed using flow cytometry with Annexin V and Propidium Iodide co-staining as markers of apoptosis and necrosis respectively ([Fig 7](#pone.0138123.g007){ref-type="fig"}). In the absence of cross-linking antibody, very little apoptosis or necrosis was detectable with no significant differences observed between alemtuzumab, 2E8 chimeric antibody and the humanized variants ([Fig 7A](#pone.0138123.g007){ref-type="fig"}). However, in the presence of cross-linking antibody, the proportion of cells undergoing apoptosis and necrosis increased significantly, with the percentage of necrotic cells in the humanized antibody treated samples being in excess of 40% compared to \~20% for the alemtuzumab treated sample ([Fig 7B](#pone.0138123.g007){ref-type="fig"}). Furthermore, fewer unstained cells were present in the humanized antibody treated samples indicating a more rapid progression through apoptosis and necrosis compared to the alemtuzumab treated sample. Considering all the *in vitro* data together, humanized antibody ANT1034 was selected for further study in a SCID mouse tumour model.

![Flow cytometry analysis of REH^++^ cells incubated with selected humanized antibodies and alemtuzumab.\
Cells were stained with Annexin V as a marker of apoptosis (gate = A) and Propidium Iodide as a marker of necrosis (gate = N). (a) Analysis in the absence of a cross-linking antibody; (b) Analysis with a cross-linking antibody. The percentage of cells in each gate is indicated.](pone.0138123.g007){#pone.0138123.g007}

*In vivo* studies using anti CD52 antibodies {#sec020}
--------------------------------------------

ANT1034 and alemtuzumab were compared in a Raji human Burkitt lymphoma SCID tumour xenograft mouse model \[[@pone.0138123.ref039]\] to measure the effect on tumour inhibition. Animals were treated with anti-human CD52 antibodies on alternate days for seven doses starting 3 days after injection of tumour cells. The results demonstrated an improved survival rate for alemtuzumab **(** [Fig 8](#pone.0138123.g008){ref-type="fig"} **)** (1 and 10 mg/Kg doses shown) compared to the isotype matched IgG1 control antibody with ANT1034 eliciting further enhancements in survival, even at the lower dose. Therefore the improved performance of ANT1034 in comparison to alemtuzumab was observed in both *in vitro* and *in vivo* models.

![Kaplan-Meier survival curves for the *in vivo* assessment of ANT1034 and alemtuzumab.\
Antibodies were assessed in the Raji human Burkitt lymphoma SCID mouse model. Antibodies were administered on alternate days for seven doses starting 3 days post-injection of tumour cells. Efficacy was determined by comparing the median times to endpoint (either death, or euthanasia for advanced tumour progression).](pone.0138123.g008){#pone.0138123.g008}

Immunogenicity of anti-CD52 antibodies {#sec021}
--------------------------------------

In order to assess the potential immunogenicity of ANT1034 in comparison to chimeric 2E8 antibody and alemtuzumab, CD4+ T cell responses were measured using *ex vivo* T cell assays. After incubation of matured DC, preloaded with test antibodies, with autologous CD4^+^ T cells for seven days, alemtuzumab and chimeric 2E8 antibody induced T cell responses in 28% and 14% of the donor cohort, respectively, whereas no responses were seen to ANT1034 ([Fig 9](#pone.0138123.g009){ref-type="fig"}). Chimeric 2E8, despite not being humanized, had a reduced propensity to stimulate CD4+ T cell responses compared to alemtuzumab and immunogenicity was further reduced by the rational sequence design of the ANT1034 lead variant (by avoiding CD4+ T cell epitopes).

![CD4+ Episcreen™ T cell proliferation responses to ANT1034, alemtuzumab and chimeric 2E8.\
CD4^+^ T cells were incubated with autologous mature DC loaded with the samples and assessed for proliferation after 7 days incubation. T cell responses with an SI ≥1.90 (indicated by red dotted line) that were significant (*p* \<0.05) using an unpaired, two sample Student's *t*-test were considered positive.](pone.0138123.g009){#pone.0138123.g009}

Discussion {#sec022}
==========

Anti-CD52 targeting is a very promising therapy for B cell malignancies and autoimmune diseases including rheumatoid arthritis and multiple sclerosis; however, the current standard treatment, alemtuzumab, produces ADAs in a high frequency of patients \[[@pone.0138123.ref027]\]\[[@pone.0138123.ref028]\]. In order to address this problem we have generated a novel humanized antibody, ANT1034, specific for human CD52 using Composite Human Antibody technology whereby the inclusion of CD4+ T cell epitopes in the variable domain have been avoided thus reducing its potential to be immunogenic in patients. The reference antibody was developed using a mouse immunisation regime specifically designed to focus the binding specificity on the CD52 peptide whilst boosting with CD52 expressing cells to ensure recognition of the correct conformation. This approach allowed for screening, by peptide ELISA, of large numbers of hybridomas thus increasing the likelihood of identifying an antibody with the desired properties, although a large number of peptide-positive hybridomas did not recognise CD52 on cells. The ability of ANT1034 to bind CD52 peptide sets it apart from alemtuzumab, which only weakly recognises this peptide \[[@pone.0138123.ref042]\]; nevertheless ANT1034 competed effectively with alemtuzumab for binding to CD52 on cells, thus indicating that the ANT1034 epitope significantly overlaps that of alemtuzumab.

In binding studies using CD52 on REH^++^ cells ANT1034 gave a substantially higher maximum signal by flow cytometry than alemtuzumab, suggesting that ANT1034 coated the cells with a higher density of antibody than alemtuzumab. This could be due either to the specific epitope recognised being more surface available for antibody binding, or to a higher overall affinity (or a combination of both). Assays for effector function demonstrated that ANT1034 was significantly more effective at killing cells by ADCC and CDC than alemtuzumab and could achieve the same level of cell killing as alemtuzumab with 100x and 10x less antibody in each assay, respectively. One possible mechanism for enhanced cell killing could be due to the increased cell surface decoration (and hence the efficiency of staining cells by flow cytometry) with ANT1034 which may result in improved ADCC responses due to the increased availability of antibody Fc \[[@pone.0138123.ref043]\]. Similarly, ANT1034 was able to mediate direct cell killing in the presence of a cross-linking anti-Fc F(ab')~2~ fragment, but in the absence of both effector cells and complement, with greater efficiency than alemtuzumab. During the incubation time used in the assay, ANT1034 induced approximately twice as many cells to become necrotic as alemtuzumab, whilst the numbers of apoptotic cells was broadly similar between the antibodies. ANT1034 was investigated *in vivo* in a repeat dose CD52+ Burkitt lymphoma mouse xenograft study. ANT1034 produced superior survival rates compared to alemtuzumab even at the lowest dose administered (1 mg/Kg). In order to investigate further the enhanced activity observed for ANT1034 over alemtuzumab, the carbohydrate profile was assessed for each of the two antibodies. Carbohydrate analysis of the two antibodies revealed that they have very similar glycoprofiles ([S1 Fig](#pone.0138123.s001){ref-type="supplementary-material"}) which indicates that the differences in activity are not a result of differential glycosylation but are more likely to be a result of the differences between the primary amino acid sequences of the variable domains of the two antibodies and their associated antigen binding properties.

Given that the known propensity of alemtuzumab to induce dose-related infusion reactions is related to its mechanism of action \[[@pone.0138123.ref044]\], it may be the case that in a clinical setting the main benefit of the improved activity of ANT1034 is realised as a reduction in the dose administered. In this regard, ANT1034 was compared to alemtuzumab in a whole blood cytokine release assay and was observed to induce cytokine release (TNF-α, IL6, IL8 and IL10) at a similar level to alemtuzumab (differences between the two antibodies were not statistically significant (p \< 0.05) at all the concentrations tested) ([S2 Fig](#pone.0138123.s002){ref-type="supplementary-material"}). Thus, despite the link in mechanism between ADCC and cytokine release, the enhanced ADCC observed with ANT1034 does not translate to a similar increase in cytokine release.

Finally, the potential immunogenicity of ANT1034 was evaluated in an *ex vivo* T cell assay where ANT1034, chimeric 2E8 and alemtuzumab-loaded and matured DC were cultured for seven days in the presence of autologous CD4+ T cells. Significant CD4+ T cell responses were observed against alemtuzumab which correlates well with the frequency of patients developing anti-therapeutic antibody responses \[[@pone.0138123.ref029]\]. In contrast, humanized ANT1034 failed to elicit any CD4+ T cell responses in the donor cohort thus confirming successful avoidance of T cell epitopes during the humanization design process.

Therefore we have developed a novel humanized anti-CD52 antibody, ANT1034, that has a low potential for clinical immunogenicity and improved activity which may enable reduced dosing, improved efficacy and pharmacokinetics and reduced injection site reactions. However, the data presented in this manuscript represents the first stage of a development pathway whereby the molecule will be required to progress from the relatively simple *in vitro* and *in vivo* animal studies described here to more relevant and more complex models, e.g. non-human primate studies and ultimately human clinical trials, in order to truly demonstrate its efficacy.

Supporting Information {#sec023}
======================

###### Glycoprofile analysis of alemtuzumab and ANT1034.

(TIF)

###### 

Click here for additional data file.

###### Cytokine release comparison between alemtuzumab and ANT1034.

(TIF)

###### 

Click here for additional data file.
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